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Introduction
It is well known that styrene is a highly demanded monomer, used for production of polystyrene including foams and different copolymers: shockproof plastics, rubber resin and latex. The largest percentage (80 %) of styrene is produced industrially from ethylbenzene via an oxidative dehydrogenation process (including SMART PROCESS) and dehydrogenation in the presence of water vapor. Dilution of the gas mixture by water vapor is required to reduce the partial pressures of the components and to prevent the formation of coke.
The conventional dehydrogenation (realized in industry) gives the conversion of ethylbenzene at approximately 60-65 % [1] . The oxidative dehydrogenation proposed as an appropriate alternative to traditional styrene production processes has also been widely studied [2, 3] . In the case of ethylbenzene dehydrogenation combined with hydrogen oxidation, the conversion of a substrate can be enhanced up to 80 %. On other hand, it should be possible to obtain similar values of ethylbenzene conversion, via the performance of the process in a hydrogen permselective membrane reactor. Moreover, the selective hydrogen removal through the membrane could shift the reaction equilibrium towards the desired products, and increase the value of ethylbenzene conversion.
As it follows from classification of inorganic membranes, they can be either dense or porous. The advantage of dense membranes is high permselectivity, which is significantly important in the case of of hydrogen removal. However, at the same time, they are known to have low productivity, and low thermostability, especially in the high-temperature region. The majority of dense membranes consist of precious metals, which is what makes them very expansive. In last few years, the interest to the porous membranes appears to be higher, compared to dense membranes. Despite the rather low selectivity, porous membranes possess high productivity and perfect thermal stability.
Abstract:
The modeling of ethylbenzene dehydrogenation in a catalytic membrane reactor has been carried out for porous membrane by means of two-dimensional, non-isothermal stationary mathematical model. A mathematical model of the catalytic membrane reactor was applied, in order to study the effects of transport properties of the porous membrane on process performance. The performed modeling of the heat and mass transfer processes within the porous membrane, allowed us to estimate the efficiency of its use in membrane reactors, in comparison with a dense membrane (with additional oxidation of the hydrogen in shell side). The use of a porous ceramic membrane was found to cause an increase of the ethylbenzene conversion at 600°C, up to 93 %, while
In our theoretical research, we have simulated the ethylbenzene dehydrogenation in the porous membrane reactor with a fixed bed catalyst. The comparative studies of this process are performed by using the simplified mathematical models for dense and porous membrane reactors that were already reported by Gobina E. and coauthors [4, 5] . To analyze the advantages of porous membrane (in comparison with dense membrane) in more details, and to optimize its structure, we have developed a two-dimensional, non-isothermal mathematical model. The model allowed us to obtain the process and membrane parameters corresponding to the highest values of ethylbenzene conversion and styrene selectivity.
Model development
The scheme of membrane reactor is represented by Figure 1 . The fixed bed membrane reactor consists of two concentric tubes. The interior ceramic tube is filled with the catalyst, which is active in an ethylbenzene dehydrogenation reaction. The porous membrane is located on the outer surface of thermostable ceramic support. Hydrogen and other components (depending on their molecular sizes and membrane pore size) can permeate through the membrane to the shell compartment, and then will be removed by purge gas (water vapor).
Porous membrane
The two-dimensional, non-isothermal stationary mathematical model for a porous membrane has been developed. It includes the mass and energy balance equations, with the appropriate boundary conditions for tube and shell sides, for the ceramic support and membrane. In the shell side, the heat and mass transfer processes were modeled by means of a one-dimensional plug-flow model. The several simplifying assumptions were applied: 1. Steady-state conditions; 2. Negligible convection in radial direction and axial diffusion; 3. Negligible pressure drop; 4. Negligible internal mass-and energy-transport limitations inside the catalyst pellets and negligible external mass and heat transfer resistances at the surface of the pellets.
The equations of mass and energy balances are given below.
Mass balances:
Tube side: 
Shell side:
Boundary conditions: Tube side:
At the boundary tube/ceramic support:
At the boundary ceramic support/membrane:
At the boundary membrane/shell:
Energy balance:
At the boundary tube/ceramic support: (15) At the boundary ceramic support/membrane: (16) At the boundary membrane/shell: (17) Shell side:
The model takes into account the alteration of thermophysical parameters of the reaction mixture by the length and layer radius. Besides the heat and mass distributions on reactor length and reactor radius, the model considers the volume change of gas mixtures, due to reaction stoichiometry and components diffusion through the membrane. A change of mole amount is considered in the equation for calculation of axial velocity. The gas mixture velocities in the tube and shell sides were determined from the mass conservation equations. Tube side: (19) Shell side: (20) 
Reaction kinetic
The reaction of ethylbenzene dehydrogenation was considered along with the side reactions that may occur in the tube compartment of the membrane reactor:
Reaction rates: 
The efficiency of a membrane reactor can be illustrated if compared with the ethylbenzene dehydrogenation process simulated for tubular reactor. The minimal value of conversion at the reactor outlet (67 %) is related to the case of a tubular reactor when no components are removed from the reaction zone. Corresponding selectivity of styrene (S) is 52 %. In the membrane reactor, the reaction equilibrium is shifted towards the styrene formation because of hydrogen removal. It was already mentioned that in our model we used the inert flow (water vapor) to
Numerical solution of the model equations
The mathematical model is presented by the system of partial differential equations. The system was transformed into the non-linear set of ordinary differential equations by the method of lines [12] . The received equations were treated numerically by the appropriate method for ODE solving. A second-order Rosenbrock algorithm, with an automatic choice of the integration step, was used [13] .
Results and discussion

Porous membrane
The dehydrogenation process was implied to be carried out in the presence of water vapor. Model simulations are carried out for the following input conditions:
The advantage of membrane reactor
The developed model permits us to follow the content of all reagents and products in both reactor sides. The concentration profiles of components by length of the membrane reactor (tube side) are presented on Figure 2 .
It can be seen from the graph that the hydrogen concentration appears to decrease in the reaction zone, due to its removal through the porous membrane. It goes through the maximum at the length of 0.03 m, and achieves minimal value near the reactor outlet. Ethylbenzene concentration is essentially reduced, along with a styrene concentration increase. It should be noted that not only hydrogen, but any other components of reaction zone, are able to permeate through the membrane, depending on the ratio "component molecular size/membrane pore size".
In order to make the representation of the efficiency of using the membrane reactor more evident, the profiles of ethylbenzene conversion by reactor length are given on Figure 3 . The temperature of the reactor wall was selected as 600°C, since that is the temperature used for the ethylbenzene dehydrogenation process in industry. remove hydrogen from the shell compartment. As a result, the ethylbenzene conversion and styrene selectivity increased up to 93.3 % and 89 %, respectively. The similar value of conversion can be reached in tubular reactor as well, but at higher temperature (700 °C). Moreover, the selectivity of the process in this case is considerably lower (26.2 %), so the obtaining yield of styrene is much lower. Thus, the use of membrane reactor allows one to decrease the process temperature, along with significant benefit in styrene yield. It could be concluded that the most efficient way to organize the ethylbenzene dehydrogenation process is to perform it in the catalytic membrane reactor.
Optimizing the membrane parameters
It is well known the key parameters of porous membrane are thickness and pore structure. To study the effect of pore sizes on the process performance in more details we have used the constant value of membrane thickness (δ m =5μm).
The dependence of styrene yield from the average membrane pore diameter is presented in Figure 4 . The diameter was varied from 1 to 10 nm.
The styrene yield is dropped from 83 % to 50 %, in the range of pore sizes from 1 to 2 nm. If the pore size is larger than 2 nm, it is possible for all components to permeate from the tube compartment through the membrane to the shell one. In such cases, the yield of styrene does not change significantly. Thus, the optimal membrane pore diameter to obtain the maximum styrene yield is 1 nm.
The membrane thickness was also found to affect on the process performance. In this part of modeling, we had varied the thickness of membrane from 5 to 15 microns, while the pore diameter was fixed at optimal value of d p =1 nm according to the results of previous analysis.
As it is shown on Figure 5 , all process characteristics (ethylbenzene conversion, styrene selectivity and styrene yield) have a tendency to decrease along with an increase in membrane thickness. Increasing of the membrane thickness by a multiple of three (from 5 to 15 microns), caused the reduction of styrene yield of 7.5 % (from 83 % to 75.5 %). The decrease of selectivity is determined by the side products formation, according to reactions {2}-{6}. Thus, the optimal thickness of porous membrane should be around 5 μm.
Comparison of dense and porous membranes
The two-dimensional, non-isothermal stationary mathematical model of catalytic membrane reactor for dense membrane, has been developed and reported earlier [14] [15] . In these reports, the dehydrogenations of propane and ethane in catalytic membrane reactor were used as the model processes. The validation of the mathematical model made the case of ethane dehydrogenation [15] . It also turned out to be useful for estimation and optimization of certain relevant parameters for ethylbenzene dehydrogenation.
The reaction of ethylbenzene dehydrogenation, combined with the function of hydrogen oxidation, was considered for the dense metallic membrane. In this case, the endothermic and exothermic processes are supposed to take place within the different compartments of the membrane reactor. The oxidation of removed hydrogen in the shell compartment of the membrane reactor results in a more efficient hydrogen removal through the dense metallic membrane, along with additional shift of the reaction equilibrium.
The balanced equations and simplified assumptions for a model with a dense membrane were reported earlier [14] . The mass and energy balance equations for the tube side and ceramic support are the same as used in the case of porous membrane. Hydrogen flux through the membrane was applied, instead of balance equations for porous membrane. The permeation rate of hydrogen through the dense metallic membrane was determined by Sievert's law: In case of porous membrane, the achieved conversion of ethylbenzene was 93.3 % when the selectivity of styrene was 89%. As it can be seen from the Figure 6 , the optimized parameters of porous membrane (thickness -5 μm; pore diameter -1 nm) allowed us to obtain the comparable values of ethylbenzene conversion and styrene selectivity with those found for catalytic membrane reactor with dense membrane and with additional hydrogen oxidation in shell side.
Conclusions
A two-dimensional mathematical model has been developed to simulate a process of ethylbenzene dehydrogenation in the membrane reactor with porous membrane. The performed mathematical modeling has allowed us to define the key parameter values for this process.
It was shown that main advantage of using a membrane reactor is the minimization of the process energy expenditure (lowered process temperature along with the enhanced yield of styrene).
The effect of such membrane parameters on thickness and pore structure was studied for the process of ethylbenzene dehydrogenation. The optimized parameters (thickness of 5 μm and pore diameter of 1 nm) allowed us to reach the highest conversion of ethylbenzene (93.3 %) and styrene selectivity (89 %). These values are rather close to those found for a catalytic membrane reactor with dense membrane, for the case when process of dehydrogenation is combined with the additional oxidation of removed hydrogen. 
